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Investigations of cytoplasmic contractile and cytoskeletal
elements in the kidney glomerulus
PETER M. ANDREWS
Georgetown University, Department of Anatomy, School of Medicine, Washington, District of Columbia
Investigations of cytosplasmic contractile and cytoskeletal elements in
the kidney glomerulus. Electron microscopy and in vitro techniques
were used to evaluate the morphologic responses of glomerular podo-
cytes and glomerular endothelial cells to compounds that affect either
cytoplasmic contractile elements or cytoplasmic microtubules. In re-
sponse to in vitro incubation in the presence of cytochalasin D or B
(compounds that inhibit contraction of actin-like microfilaments), podo-
cyte foot processes change in shape from short processes with broad
bases to taller processes with narrow bases. Coincident with these
shape changes, there is an increase in the number of fully patent
filtration slit spaces between adjacent foot processes. In view of these
observations, it is proposed that glomerular podocytes have the poten-
tial for monitoring the filtration slit area available for solute efflux
across the glomerular wall by modifying the shapes of their foot
processes (that is, expanding and contracting the bases of these
structures). As in vitro incubation continues for 1 to 2 days. the
cytochalasins inhibit the shape changes of glomerular podocytes that
normally occur during 2 days of in vitro incubation.—the loss of foot
processes, filtration slits, endothelial pores, and thickening of the
endothelium. The cytochalasins also inhibit the loss of foot processes
and filtration slits that otherwise occur in response to enzymatic
removal of glomerular-free surface sialic acid. The in vitro depolymeri-
zation of glomerular microtubules by any of a variety of drugs (for
example, vinbiastine sulfate, coichicine) results in the rounding up of
podocyte cell bodies, the thinning of podocyte major processes, and a
partial collapsing of the glomerular endothelial walls. These latter
observations suggest that microtubules play an important cytoskeletal
role in maintaining the structural integrity of these cells.
Etude des éléments contractiles et cytosquelettiques dans le glomérule
renal. La microscopic electronique et les techniques in vitro ant étë
utilisées pour ëvaluer Ic réponse morphologique des podocytes glomér-
ulaires et des cellules endothéliales glonierulaires a des composes qui
affectent les Cléments contractiles du cytoplasme ou les microtubules.
En réponse a l'incubation in vitro en presence de cytochalasine D ou B
(des composes qui inhibent Ia contraction des microfilaments sembla-
bles a l'actine), les processus pedicules changent de forme et passent dc
celle des processus courts a bases larges a des processus longs a bases
étroites. En mCme temps que les modifications de forme ii y a uric
augmentation dans Ic nombre des fentes de filtration totalement per-
meables entre des processus adjacents. En fonction de ces observations
il est propose que les podocytes glomerulaires ant Ia capacité cLe
moduler Ia surface de fentes de filtration disponible pour l'efllux a
travers Ia paroi glomerulaire en modifiant Ia forme des processus
pédiculés (c'est-a-dire en etendant ou en contractant Ia base de ces
structures). Quand l'incubation est poursuivie pendant un ou deuxjours, les cytochalasines inhibent les modifications de forme des
podocytes glomerulaires, Ia perte des processus pedicules, des fentes
de filtration, des pores endothéliaux et l'epaississement de l'endothd-
hum qui prennent place normalement dans les deux jours d'incubation
in vitro. Les cytochalasines inhihent aussi Ia perte des processus et des
fentes de filtration qui sont observes en rCponse a Ia soustraction
enzymatique de l'acide sialique libre a Ia surface des glomerules. La
dépolymérisation in vitro des microtubules glomerulaires par une série
de drogues (sulfate de vinblastine, colchicine) a pour résultat ha
transformation des corps cellulaires des podocytes, l'amincissement
des processus principaux des podocytes et l'effondrement partiel des
parois endothéliales des glomerules. Ces dernières observations sug-
gèrent que les microtubules jouent un role important de cytosquelette
en maintenant l'integrite structurale des cellules.
The kidney glomerular (visceral) epithelium is composed of a
specialized population of cells called podocytes. From these
cells an elaborate arrangement of cellular processes arise and
wrap around underlying glomerular capillary loops. The numer-
ous filtration slits that form between interdigitating podocyte
processes are an important determinant of solute efflux across
the glomerular wall [1]. In addition, glomerular podocytes are
involved in synthesizing the glomerular basement membrane [2,
3], and they undergo characteristic morphologic alterations in
response to nephrosis [4, 5] and in response to treatment with
neuraminidase [6, 7] and polycationic molecules [8—10]. The
endothelium lining glomerular capillary loops is very attenuated
and characterized by many open fenestrations of variable sizes.
These endothelial fenestrations facilitate and in certain condi-
tions may influence [11] the flow of filtrate across the glomeru-
lar wall.
Both cytoplasmic microtubules and actin-like microfilaments
are abundant within glomerular epithelial podocytes and to a
lesser extent within the glomerular endothelial cells. These
cytoplasmic organelles are known to play a number of impor-
tant roles in cells, iincluding the maintenance and alteration of
cell shape [12—14]. In this investigation, the fungal metabolites
cytochalasin D and B are used to evaluate some of the possible
roles of actin-like contractile elements within glomerular epithe-
ha! and endothelial cells. The drugs colchicine, colcemid,
podophyllotoxin, vinblastine sulfate, and the control drug lumi-
coichicine are used to investigate the effects of microtubule
depolymerization on these cells.
Methods
In vitro incubation of glomeruli. Sprague-Dawley female rats
weighing 225 25 g were used in these experiments. The in
549
Received for publication June 25, 1980
and in revised form February 13, 1981
0085-2538/81/0020-0549 $02.80
© 1981 by the International Society of Nephrology
550 Andrews
vitro techniques used to study kidney glomeruli were first
described by us in 1979 [15] and more recently slightly modified
and described again [71. Briefly, rat kidneys cleared of blood by
vascular perfusion with phosphate buffered saline (PBS) are cut
into thin (1-mm) slices. When the kidneys are sliced, numerous
intact glomeruli are exposed on each cut surface. These slices
with their exposed glomeruli are then placed in Petri dishes
containing culture media (Medium 199 with Hank's salts,
GIBCO) and are incubated at 37° C in an incubator (Lab-Line).
Gentamicin (0.1%; Schering) is routinely added to the incuba-
tion media to retard bacterial growth. Previous investigations
have indicated that the concentration of gentamicin used does
not have any deleterious effect on glomerular cells in vitro [7].
Each experiment that used the above in vitro technique was
repeated at least two or three times and used three or more rats.
The kidneys from each rat provide more than 30 kidney slices,
which are used for both control and experimental incubations.
On the surface of a kidney slice, over 15 glomeruli are well
exposed and can be easily identified and surveyed by scanning
electron microscopy. Therefore, these techniques permit for
the evaluation of a very large and uniform population of
glomeruli in that well over 450 glomeruli can be surveyed from
each rat used in a given experiment.
('ytochalasins added to incubation of normal glomeruli.
Kidney slices were incubated in Petri dishes containing 40 ml of
medium 199 plus the following concentrations of cytochalasin B
(Sigma): 50, 25, 10, and 2 ig/ml. Kidney slices were also
incubated in medium 199 plus the following concentrations of
cytochalasin D (Sigma): 50, 10, 2, 1, and 0.1 pgIml. Because
both cytochalasin B and D were first dissolved in dimethyl
sulfoxide (DMSO; Sigma) before they were added to the culture
media, an equivalent amount of DMSO was added to the media
containing control samples. In addition, control samples incu-
bated without cytochalasin or DMSO were studied along with
the above. At 1, 3, 6, 10, 24, and 48 hours during incubation,
kidney slices were taken from the experimental and control
solutions, rinsed briefly in normothermic PBS, and fixed by
immersion in phosphate-buffered 2% glutaraldehyde or in
phosphate-buffered 1% tannic acid and 1% glutaraldehyde
[161.
Cytochalasins added to incubation of neuraminidase-treated
glomeruli. Kidney slices were incubated in Petri dishes contain-
ing 40 ml of medium 199 plus 0.1 U/mI of neuraminidase (Sigma
Type IX prepared from Clostridium perfrrgens) to remove
sialic acid from the glomerular surface. In other Petri dishes,
kidney slices were incubated in media 199 and neuraminidase
(0.1 U/mI) to which cytochalasin D (2 p.g/ml) had been added, A
third series of control kidney slices were incubated in medium
199 alone. After 3, 6, and 9 hours of incubation, samples were
taken, rinsed in PBS, and fixed in the usual fashion. The extent
of sialic acid removal was evaluated by thc colloidal iron-
staining technique of Gasic and Berwick [17].
Compounds that depolymerize cytopiasmic microtuhules.
Glomeruli exposed on kidney slices were incubated at 37° C in
40 ml of medium 199 plus one of the following compounds:
vinbiastine sulfate (10—s M Sigma), colchicine (I0- and 106 M;
Aldrich), lumichochicine (10_6 M), colcemid (l0 and l0 M;
CIBA), and podophyllotoxin (l0- M; Aldrich). Lumicoichicine
was prepared from coichicine (Aldrich) by exposing colchicine
(10 M) to long-wave ultraviolet light and monitoring the con-
version spectrophotometrically as described by Price [18].
Control samples incubated in medium 199 alone were run along
with each of the above experimental compounds. At the follow-
ing time intervals during incubation, kidney slices were taken
from both experimental and control solutions, rinsed briefly in
normothermic PBS, and fixed in the usual fashion at 1, 3, 6, 10,
24, and 48 hours. In another experiment, kidney slices were
incubated for an additional 3, 4, and 5 days in vinblastine sulfate
(10-s M). In this latter experiment, the culture media was
supplemented with 10% fetal calf serum and exchanged for
fresh media and vinblastine after every 48 hours of incubation.
Vinblastine sulfate and cytochalasin D added to incubation
of normal glomeruli. Kidney slices were incubated in Petri
dishes containing 40 ml of medium 199 plus both cytochalasin D
(2 p.g/ml) and vinblastine sulfate (l0 NI). Control samples were
incubated in Petri dishes containing medium 199 plus an amount
of DMSO equivalent to that used in the experimental incuba-
tions. At 3, 12, 24, and 48 hours during incubation, kidney slices
were taken from the experimental and control solutions, rinsed
briefly, and fixed in the usual fashion.
Preparation of samples for transmission electron microsco-
py. As noted in the above experiments, all kidney samples were
fixed initially with phosphate-buffered 2% glutaraldehyde (pH,
7.2; 410 mOsm) or in phosphate-buffered 1% tannic acid plus
1% glutaraldehyde [16]. After 6 hours of fixation in either of
these fixatives, samples were rinsed in phosphate buffer and
postfixed in phosphate-buffered 1% osmium tetroxide for I
hour. The samples were then stained en bloc in 2% aqueous
uranyl acetate for 3 hours, dehydrated through graded ace-
tones, and embedded in a mixture of Epon and Araldite resins.
Thin sections (50 to 80 nm) poststained with uranyl acetate and
lead citrate [19] were examined with an AEI EM 801 or JEOL
IOOS operating at 60 or 80 kV.
Preparation of samples for scanning electron microscopy.
After 6 hours of fixation in glutaraldehyde, the kidney samples
were dehydrated through graded acetones and dried by the
critical point method [201. Dried samples were mounted on
stubs and coated with a thin layer of palladium-gold in a sputter
coater. Samples were then examined in an ETEC Autoscan
operating at 20 kV.
Results
The normal morphology of glomerular epithelial and endothe-
hal cells in vivo and in vitro has been described and illustrated
in detail in previous publications [5—7, 10, 15, 21]. The following
observations, therefore, only review the material most relevant
to the present investigation.
Effects of cytochalasins on normal glomeruli maintained in
vitro. Electron microscopic examination of glomerular podo-
cytes after several hours of incubation in the presence of
cytochalasin (cytochalasin D, 1 i.g/ml and above; cytochalasin
B, 25 g/ml and above) reveal a change in the shape of podocyte
foot processes when compared with podocytes fixed immedi-
ately and after similar incubation periods without the cytochala-
sins. In the incubated control samples and in samples fixed
immediately, many podocyte foot processes are short and have
broad bases that appear flattened to varying degrees over the
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Fig. 1. Low magnification view of the glomerulus from a rat kidney fixed immediately after being excised from the body. Note that the foot
processes are of variable size and shape (often with expanded bases) and that many filtration slits are narrow and indiscrete. Cp is capillary lumen;
EP, glomerular epithelium. (x5,000).
glomerular basement membrane (Figs. I and 2). In response to
in vitro incubation in the presence of cytochalasins, however,
most foot processes appear taller and have relatively narrow
bases (Figs. 3 and 4). In addition, cytochalasin-treated podo-
cytes exhibit a greater number of fully patent (open) filtration
slits when compared with control samples. Multiple slit dia-
phragms are often found spanning the slit spaces in these
samples (Fig. 4). The differences between cytochalasin-treated
samples and control samples become more obvious as the foot
processes of untreated glomeruii exhibit the characteristic
flattening that leads to their loss in response to the in vitro
environment. By 48 hours of incubation in vitro, control
glomeruli exhibit an extensive loss of foot processes and
filtration slits and a swelling and crowding together of cell
bodies and major processes (Figs. 5, 6). Cytochalasin D at a
concentration of I p.g/ml and above and cytochalasin B at a
concentration of 25 i.g/ml and above, totally inhibit all of these
alterations and the in vitro formation of free surface microex-
tensions on these cells (Figs. 7 and 8). Exposure to lower
concentrations of these compounds (that is, cytochalasin D at
0.1 i.g/ml or cytochalasin B at 10 and 2 p.g/ml) results in only a
partial inhibition of these structural alterations. Such partially
inhibited glomeruli exhibit unusual images of some intact foot
Fig. 2. Thin section through typical foot processes of gloinerular
podocytes fixed after 6 hours of in vitro incubation. The bases of some
processes are expanded (flattened) (arrowheads) over the glomer-
ular basement membrane (GBM). Note the small electron-dense re-
gions adjacent to the plasmalemma in the bases of foot processes
(arrows). Thin slit diaphragms can be seen spanning the filtration slits.
(x47,000).
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Fig. 3. Low magnification view of the glomerulus from a kidney fixed after being incubated in vitro ftr six hours in the presence of cytochalasin B
(25 i.g/ml). Note that most of the foot processes are tall and that many discrete slit spaces are evident between these processes. Some extruded lip-
id droplets are present in the capillary lumens (arrows). (x5,000).
Fig. 4. Thin Section through typical foot processes of glomerular
podocytes exposed to cytochalasin D (2 iglml) for 6 hours in vitro.
Compared with samples fixed immediately and control samples incubat-
ed for similar lengths of time in vitro (Fig. 2), podocyte foot processes
are relatively taller and their bases less expanded. Note the two slit
diaphragms spanning one of the filtration slits (arrows). (x47,000).
processes protruding above an otherwise altered epithelium
(Fig. 9). As in normal samples, cytochalasin-treated glomeruli
accumulate numerous lipid inclusions during the course of in
vitro incubation. In many instances, however, the cytochalasin-
treated glomeruli appear to exhibit a more extensive extrusion
of these droplets than is normally seen (Figs. 3, 8).
Within the first several hours of incubation in cytochalasins,
focal aggregations of microfilaments are seen within glomerular
endothelial cell bodies and within other thickened areas of the
endothelium. As the incubation time increases, it becomes
apparent that the cytochalasins inhibit the shrinkage of capillary
lumens, the thickening of the endothelium, and the loss and
breakup of endothelial pores that normally occur during long-
term in vitro incubations (Fig. 8).
Effects of cytochalasins on alterations of the glomerular
epithelium induced by enzymatic removal of sialic acid. As has
been reported previously, the in vitro exposure of glomeruli to
neuraminidase results in removal of most of the glomerular free-
surface sialic acid within several hours of incubation 6, 7]. In
response to this enzymatic removal of sialic acid, glomerular
epithelial foot processes appear to be either lost or distorted and
in the process of being lost (Fig. 10). In the present investigation
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Figs. S and 6. Typical scanning (Fig. 5) and trans-
mission (Fig. 6) electron microscopic views f
untreated (control) glomeruli incubated in vitro for
48 hours. Nucleated podocyte cell bodies (N) can
be seen sending thickened major processes (M)
around shrunken capillary loops. Also, note that
most epithelial foot processes, filtration slits and
endothelial pores have been lost. L is lipid. (Fig. 5,
<4,000; Fig. 6. x3,500).
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Figs. 7 and 8. Scanning (Fig. 7) and transmission
(Fig. 8) electron microscopic views of glomeruli
incubated in vitro for 48 hours in the presence of
cytochalasin B (25 p.gIml, Fig. 7) and cytochalasin
D (2 p.g/mI,Fig. 8). Except for the accumulation of
lipid droplets, glomerular epithelial and endothelial
cells appear relatively unaltered in their morpholo-
gies. In some areas, lipid may be in the process of
being extruded from these cells (arrows) Compare
with untreated controls (Figs. 5 and 6), which have
been incubated for similar lengths of time. (Fig. 7,
x4,500; Fig. 8, x3,500).
Fig. 9. Glomerulus incubated in vitro for
48 hours in the presence of 10 pgIml of
cytochalasin B. Some intact foot pro-
cesses (arrows) can be seen protruding
above a partially dedifferentiated gb-
merular epithelium. Compare with sam-
ples incubated in higher concentrations
of cytochalasin B (Fig. 7) and untreated
controls (Fig. 5). (x4,000).
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the addition of cytochalasin D (2 pgIml) to the incubation media
of neuraminidase-treated glomeruli completely inhibits the mor-
phologic alterations that are otherwise induced by removal of
glomerular free-surface sialic acid (Fig. 11).
Effects of compounds that depolymerize cytoplasmic ,nicro-
tubules. Incubation of gbomeruli in vinbiastine sulfate (l0 M)
results in a significant reduction in the number of glomerular
microtubules within 3 hours. After 6 hours of incubation in
vinbiastine, no microtubules can be detected, and both epitheli-
at and endothelial cells are filled with paracrystalline inclusions
(Fig. 12). Such paracrystalline inclusions are characteristic of
vinblastine treatment [22] and are composed of aggregated
microtubule tubulin [23, 24]. In vitro exposure of glomeruli to
either coichicine (l0 and 10_6 M), colcemid (l0- and l0 M),
or podophyllotoxin (10S M) does not result in significant
microtubule loss until after 6 hours of incubation. By 10 hours
of incubation in any one of these three compounds, however,
very few microtubules remain in the cytoplasm of glomerular
cells. In both untreated and lumicoichicine-treated samples, the
normal complements of glomerular microtubules persist
throughout the incubation periods studied.
In all of the above studies, the glomerular response to
microtubule loss is similar. Compared with untreated controls
and lumicoichicine-treated samples (Fig. 13), cell bodies appear
swollen and attach to the capillary loops by constricted regions
of the cell bodies (Fig. 14, 15, and 16). The major processes, on
the other hand, become extremely thin along most of their
lengths except in focal regions, which appear abnormally swol-
len (Figs. 14 and IS). In addition, the glomerutar epithelium
often exhibit a population of unusually long microvilbous projec-
tions on their free surfaces (Figs. 14 and 15). Despite these
morphologic alterations, the many foot processes that arise
from the major processes do not exhibit any unusual changes in
shape or orientation that are not also seen in untreated control
samples. Also, the samples exposed to lumicolchicine (Fig. 13)
do not exhibit any of the alterations that are evident in
colchicine-treated glomeruli (Figs. 14 and 15). In samples
incubated in vinblastine sulfate (l0 M) for up to 5 days,
glomeruli remain viable throughout the incubation period and
the above morphologic changes persist.
Although no dramatic effects of the above compounds on the
glomerular endothelium are noted, in some instances capillary
walls appear collapsed or invaginated when compared with
controls.
Combined effects of s'inblastine sulfite and cytochalasin D
on normal kidney glomeruli. The effects of in vitro exposure to
both vinbiastine and cytochalasin D result in morphologic
alterations that appear to be a sum of the individual effects of
these compounds (Figs. 16 and 17). Microtubules are lost and
paracrystalline inclusions appear in the cytoplasm of epithelial
and endothelial cells. Microfilaments, however, are still numer-
ous, and thickened portions of the endothelium frequently
display dense focal aggregations of microfilaments (Fig. 17). By
24 to 48 hours of incubation, major processes are very thin and
podocyte cell bodies are rounded and attached to capillary
loops by constricted regions of the cell bodies (Fig. 16).
Podocyte foot processes and the glomerular endothelium, how-
ever, appear relatively unaltered (Fig. 16).
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Fig. 10. Scanning electron microscopic view of a
glomerulus incubated in vitro in the presence of
neuraminidase (0.1 U/mI) for 6 hours. Note the
extensive smudging and loss of foot processes that
have resulted from exposure to neuraminidase
(compare with Fig. II). (x3,000). Fig. 11. Scanning
electron microscopic view of a glomerulus incubat-
ed in vitro in the presence of neuraminidase (0.1 UI
ml) plus cytochalasin D (2 pg/m1) for 6 hours. Note
that, despite exposure to neuraminidase, the foot
processes and filtration slits have remained dis-
crete (compare with Fig. 10). (x3,000).
Fig. 12. Thin section through a
glomerulus incubated for 6 hours
in the presence of vinblastine sul-
fate (1O M). Exposure to vinblas-
tine has resulted in loss of micro-
tubules and the accumulation of
paracrystalline (C) inclusions
within both the glomerular epithe-
hum and endothelium (EN). Note
that although the podocyte cell
bodies appear somewhat shrunk-
en or wrinkled (arrows), the foot
processes are not significantly al-
tered. (xl3.500).
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Discussion
In these investigations, cytochalasin D and B had a number of
interesting effects on glomerular epithehial podocytes. Although
these drugs are controversial and have a variety of effects on
cells, they are known to inhibit the retractile capacity of thin
actin-like cytoplasmic microfilaments [13, 14]. Cytochalasin D
differs from cytochalasin B in that the former does not inhibit
sugar transport and appears to be even more potent in inhibiting
microfilament contraction [25]. In the present investigation,
both drugs were able to completely inhibit the morphologic
alterations that glomerular podocyte cell bodies and their
processes normally exhibit in response to 48 hours of in vitro
incubation. In addition, the cytochalasins were able to prevent
the loss of podocyte foot processes and filtration slits which
otherwise occur in response to treatment with neuraminidase.
In previous investigations, we and others have also noted that
cytochalasin B is able to inhibit the flattening and retraction of
foot processes that leads to their loss when the glomerular
anionic surface is neutralized by treatment with polycationic
molecules [7, 26]. All of these above observations indicate that
actin-like cytoplasmic contractile elements are probably in-
volved in affecting the morphologic events that result in the loss
of podocyte processes and filtration slits. This conclusion is in
line with the role that cytoplasmic microfilaments have been
shown to have in altering cell shape [13, 14]. These observa-
tions are also supported by histoimmunologic studies that have
shown that high concentrations of actin and heavy meromysin
are specifically localized within the foot processes of podocytes
[27]. Although actin appears to have a distribution similar to the
filamentous meshwork seen throughout these processes, heavy
meromysin is localized in the bases of foot processes in areas
corresponding to the electron-dense regions sometimes seen
adjacent to the plasmalemma opposite the site of slit diaphragm
attachment to the plasmalemma. That relatively high concentra-
(ions of cytochalasin B (25 pg!ml) were required to inhibit shape
changes of foot processes in vitro may be in part due to the high
concentrations of contractile elements that are within these
processes.
Morphologic alterations of the glomerular epithelium that
characterize the nephrotic state involve a sequence of morpho-
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Fig. 13. Glomerulus incubated for 24 hours in the
presence of lumicoichicine (1O si). The appear-
ance of glomeruli treated with lumicoichicine is
similar to that of untreated glomeruli. Note the
numerous small microprojections which form on
the glonierular podocytes during in vitro incuba-
tion. (x2,800). Fig. 14. Glomerulus incubated for
24 hours in the presence of coichicine (ITh" M).
Compared with lumicolchicine-treated controls
(Fig. 13), podocyte cell bodies appear rounded and
many major processes are very thin except in focal
regions, which appear swollen (arrows), (X2,800).
Pa
P
Fig. 15. Glo,neru/i incubated for 48 hours in the
presence of co/chicine (lO- at). Podocyte cell
bodies are rounded and their major processes very
thin, except in focal regions that appear swollen
(arrows). Note the long microvillous projections
that populate the free surfaces of these cells.
(x3,000).
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logic events similar to those that occur in response to removal
of the glomerular sialic acid surface coat with neuraminidase [6,
7] or neutralization of this anionic coat with polycationic
molecules [8—101. It is, in fact, believed by many that a
reduction in the anionic glomerular sialic surface coat may be
responsible for the morphologic alterations that characterize
the nephrotic condition [6, 9, 28]. Because observations from
the present investigation suggest that glomerular morphologic
alterations resulting from removal of glomerular free-surface
sialic acid depend on cytochalasin-sensitive contractile ele-
ments, it seems likely that the loss of foot processes in the
nephrotic state also depends on actin-like contractile elements.
Perhaps more important than the role of contractile elements
in foot process loss is the observation that exposure to cytocha-
lasin can cause foot processes to change in shape from short
processes with more or less flattened bases to taller processes
with narrow bases. By affecting this shape change, the number
of fully patent filtration slits between adjacent foot processes
seem to increase. These morphologic changes appear to result
from the relaxation of cytoplasmic contractile elements and
represent alterations that are opposite to the flattening and loss
of foot processes and narrowing and loss of filtration slits seen
in neuraminidase-treated [6, 7], polycation-treated [8—101, and
diseased kidneys [5]. A previous morphometric evaluation of
filtration slits has shown that the filtration area defined by these
slits is a major determinant of solute efflux across the glomeru-
lar wall [I]. It is therefore possible that by regulating the shapes
of their foot processes (that is, by expanding and contracting
the bases of these structures), glomerular epithelial podocytes
may be able to very precisely monitor solute efflux across the
glomerular wall. The physiologic events that may regulate this
phenomenon and the possible roles played by this mechanism in
various pathologic conditions remain areas open to further
investigation.
In addition to their effects on the glomerular epithelium, the
cytochalasins have an interesting effect on the glomerular
endothelium. Both cytochalasin D and B are able to completely
inhibit the shrinkage of capillary lumens and the transformation
of this thin and fenestrated endothelium into a thickened
poreless endothelium, which normally occurs during long-term
in vitro incubation. Although the inhibition of these endothelial
alterations also appears to be due to an inhibition of actin-like
contractile elements within the endothelium, there are some
other possibilities that must be taken into consideration, It is
possible, for example, that endothelial alterations in vitro may
be in response to contraction of the overlying epithelium or
even intervening mesangial cells. But, that glomerular endothe-
hal cells do not exhibit similar morphologic changes in other
situations that result in the loss of podocyte processes (for
example, the nephrotic condition) lessens the likelihood that
epithelial alterations mediate the endothelial alterations. Also,
that capillaries throughout the glomerulus undergo alterations
similar to those seen in capillaries located at the vascular pole
where mesangial components are most numerous lessens the
likelihood of mesangial involvement in the observed in vitro
endothelial changes. Finally, the finding of focal aggregations of
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Fig. 16. Thin section through a glomeru-
lus incubated for 48 hours in the pres-
ence of both vinbiastine sulfate (lO- M)
and cytochalasin D (2 g/ml). Although
podocyte foot processes, filtration slits,
and the fenestrated endothelium appear
relatively unaltered, podocyte cell bod-
ies are rounded and attached to the capil-
lary loop by a constricted stump-like
portion of the cell body (arrows).
(X6,700). Fig. 17. Higher magnflcarion
view of the region outlined in brackets in
Fig. 16. Note the dense arrays of micro-
filaments (MI) and the paracrystalline
body (C) that fill the thickened portion of
the glomerular endothelium. (x28,000).
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endothelial microfilaments after treatment with cytochalasin
suggests a possible redistribution of endothelial microfilaments
in response to this drug.
Recently Avasthi, Evan, and Hay [11] have demonstrated
that glomerular endothelial pores decrease in size and number
in response to treatment with uranyl nitrate. These findings.
considered together with observations made in the present
investigation, suggest that pore size of the glomerular endotheti
al cells may, like epithelial slits, be regulated by actin-like
contractile elements within the endothelium. Although both this
concept and the concept of glomerular epithelial regulation of
filtration slit pore size are still very speculative in nature, they
are nevertheless in line with the well-documented roles that
actin-like cytoplasmic elements play in affecting cell shape [13,
14]. These concepts should therefore be taken into consider-
ation when evaluating factors that affect glomerular ultrafiltra-
tion coefficients in both normal and pathologic kidneys.
The series of experiments that used a variety of compounds
to induce glomerular microtubule loss suggest that microtubules
play an important cytoskeletal role in maintaining the structural
integrity of podocyte nucleated cell bodies and the large major
processes that arise from these cells. These observations also
provide evidence from a fully differentiated mammalian organ
(the rat kidney) to support the concept that microtubules are
important in maintaining the form and shape of cells [12]. That
lumicoichicine did not induce morphologic alterations similar to
those resulting from coichicine treatment is further evidence to
validate this conclusion. Lumicoichicine is a structural isomer
of coichicine, which has most of the effects of colchicine except
the ability to depolymerize cytoplasmic microtubules [29].
The thinning of major processes and swelling of podocyte cell
bodies suggest that, in response to depolymerization of the
microtubule cytoskeleton, cytoplasm flows from the arm-like
major processes and into the central nucleated region of these
cells. These observations are similar to those previously noted
by Tyson [30] and myself [31] in kidneys responding to i.v.
injections of vinblastine sulfate. These earlier studies, however,
involved the use of lethal doses of vinbiastine. It was therefore
difficult to conclude whether the observed changes in these
latter studies reflected either microtubule loss or perhaps the
dying animal or side effects of whole body vinblastine treat-
ment. Finally, in this investigation it was found, that despite the
above morphologic changes and the loss of cytoplasmic micro-
tubules, the glomerular epithelium and endothelium remained
viable for 5 days in vitro. This observation is significant in that
storage of kidneys prior to their transplantation also involves
loss of cytoplasmic microtubules due to the effects of hypother-
mia during storage [32].
The apparent collapsing of capillary loops seen in some
glomeruli treated with microtubule-depolymerizing drugs sug-
gests a loss in the structural integrity of the capillary wall. In
our first scanning electron microscopic description of the
kidney, we suggested that the endothelium's arm-like thicken-
ings that contain microtubules may provide structural support
for this attenuated and highly fenestrated endothelium [21]. The
collapse of glomerular walls could therefore be a response to
depolymerization of rnicrotubules within these thickened endo-
thelial processes.
Finally, the effects of cytochalasins and microtubule-depoly-
merizing drugs on the formation of glomerular epithelial free-
surface microprojections are of some interest. As noted previ-
ously [7, 15], numerous free-surface microvilli form on the
glomerular epithelium in response to the in vitro environment.
The absence of these microprojections on samples incubated in
the presence of cytochalasin is probably due to an interference
with the microfilaments found within the cytoplasmic matrix of
these microprojections. Why unusually long microvilli form on
podocytes that are incubated in the presence of microtubule-
depolymerizing drugs is perhaps more difficult to understand. It
is possible, however, that these long microvilli may form in
response to a breakdown in cytoplasmic communication or a
coordination that may otherwise exist between cytoplasmic
microtubules and the microfilaments found within the micro-
projections.
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